The GABA A receptor is a target of many general anesthetics, such as propofol. General anesthetic binding sites are distinct from the GABA binding sites. At low concentrations, the anesthetics potentiate the currents induced by submaximal GABA concentrations. At higher concentrations the anesthetics directly activate GABA A receptors. In contrast, benzodiazepines, such as diazepam, only potentiate currents induced by submaximal GABA concentrations. Channel kinetic studies suggest that these drugs stabilize different receptor states. We previously showed that the accessibility of the anionic sulfhydryl reagent p-chloromercuribenzenesulfonate (pCMBS Ϫ ) applied extracellularly to cysteines substituted for residues in the GABA A ␣ 1 subunit M3 membrane-spanning segment was state-dependent. The subset of pCMBS Ϫ -accessible, M3 segment cysteine mutants acts as a reporter for receptor conformation. Here we show that pCMBS Ϫ , applied in the presence of a potentiating concentration of propofol, reacts with a subset of ␣ 1 subunit, M3 segment, cysteine-substitution mutants (Y294C, V297C, I302C, F304C ). In the presence of a directly activating concentration of propofol pCMBS Ϫ reacts with a different subset of the M3 cysteine-substitution mutants (Y294C, S299C, I302C, E303C, A305C ). These subsets are distinct from the subsets of M3 cysteine-substitution mutants that are reactive with pCMBS Ϫ in the absence and presence of GABA and in the presence of diazepam. We hypothesize that distinct subsets of reactive residues represent distinct conformations or ensembles of conformations of the receptor. These results provide structural evidence for at least five distinct receptor states, three nonconducting states, resting, diazepam-bound and potentiating propofol-bound, and two conducting-desensitized states, the activating propofol-bound and GABA-bound states.
The GABA A receptor is a target of many general anesthetics, such as propofol. General anesthetic binding sites are distinct from the GABA binding sites. At low concentrations, the anesthetics potentiate the currents induced by submaximal GABA concentrations. At higher concentrations the anesthetics directly activate GABA A receptors. In contrast, benzodiazepines, such as diazepam, only potentiate currents induced by submaximal GABA concentrations. Channel kinetic studies suggest that these drugs stabilize different receptor states. We previously showed that the accessibility of the anionic sulfhydryl reagent p-chloromercuribenzenesulfonate (pCMBS Ϫ ) applied extracellularly to cysteines substituted for residues in the GABA A ␣ 1 subunit M3 membrane-spanning segment was state-dependent. The subset of pCMBS Ϫ -accessible, M3 segment cysteine mutants acts as a reporter for receptor conformation. Here we show that pCMBS Ϫ , applied in the presence of a potentiating concentration of propofol, reacts with a subset of ␣ 1 subunit, M3 segment, cysteine-substitution mutants (Y294C, V297C, I302C, F304C). In the presence of a directly activating concentration of propofol pCMBS Ϫ reacts with a different subset of the M3 cysteine-substitution mutants (Y294C, S299C, I302C, E303C, A305C). These subsets are distinct from the subsets of M3 cysteine-substitution mutants that are reactive with pCMBS Ϫ in the absence and presence of GABA and in the presence of diazepam. We hypothesize that distinct subsets of reactive residues represent distinct conformations or ensembles of conformations of the receptor. These results provide structural evidence for at least five distinct receptor states, three nonconducting states, resting, diazepam-bound and potentiating propofol-bound, and two conducting-desensitized states, the activating propofol-bound and GABA-bound states.
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The GABA type A (GABA A ) receptor is an allosteric inhibitory neurotransmitter-gated ion channel. The extracellular domain contains two GABA binding sites that when occupied induce channel opening and subsequent desensitization. The receptor also has binding sites for allosteric modulators, including some general anesthetics, benzodiazepines, and ethanol. The GABA A receptor is a target for the intravenous general anesthetic propofol, 2,6 di-isopropylphenol (Franks and Lieb, 1994; Krasowski and Harrison, 1999; Yamakura et al., 2001) . At ϳ0.5 M, propofol potentiates currents induced by submaximal GABA concentrations but does not directly activate GABA A receptors. At 20-fold higher concentrations, propofol directly activates receptors, causing channel opening in the absence of GABA (Sanna et al., 1995; Lam and Reynolds, 1998) . Propofol does not bind at the GABA binding sites. It may bind in a crevice near the extracellular ends of the ␤ subunit M2 and M3 membrane-spanning segments Krasowski et al., 1998) . The effects of propofol on channel kinetics suggest that it stabilizes a doubly liganded, pre-open, nonconducting state (Bai et al., 1999) . Little is known, however, about the structure of the propofol-bound receptor and how it differs from the resting state structure.
We previously showed that the reactivity of cysteines substituted for ␣ 1 M3 membrane-spanning segment residues with pC-MBS Ϫ applied extracellularly is state-dependent. The subset of pCMBS Ϫ -reactive residues provides a reporter for the receptor state (Williams and Akabas, 1999) . In the resting state pCMBS Ϫ only reacted with cysteine (Cys) substituted for ␣ 1 Ala291 and ␣ 1 Tyr294, residues near the extracellular end of M3. In the presence of GABA, pCMBS Ϫ reacted with Cys substituted for five more M3 residues (␣ 1 F296C, ␣ 1 F298C, ␣ 1 A300C, ␣ 1 L301C, and ␣ 1 E303C). Diazepam, a benzodiazepine, potentiates currents induced by submaximal GABA concentrations but does not directly activate GABA A receptors. When pCMBS Ϫ was applied with diazepam, it reacted with a subset of the M3 Cys-substitution mutants (␣ 1 A291C, ␣ 1 Y294C, ␣ 1 F296C, ␣ 1 F298C, and ␣ 1 L301C) that were accessible in the presence of GABA Akabas, 2000, 2001) . We inferred that diazepam binding induced or stabilized a distinct conformation or ensemble of receptor conformations. Kinetic studies suggest this may be a singly liganded state (Rogers et al., 1994; Lavoie and Twyman, 1996) .
Although both diazepam and propofol potentiate GABA currents, they have different effects on GABA A receptor kinetics (Rogers et al., 1994; Bai et al., 1999; Ghansah and Weiss, 1999; O'Shea et al., 2000) . This implies that they stabilize different states or ensembles of states. We hypothesized that the pattern of pCMBS Ϫ -reactive M3 Cys residues is a marker for different states. Therefore, to provide structural evidence that propofol stabilizes specific states, we investigated the effect of coapplying pCMBS Ϫ with either potentiating or directly activating concentrations of propofol on the ␣ 1 M3 segment Cys-substitution mutants. Our results indicate that different subsets of M3 Cys mutants reacted with pCMBS Ϫ applied in the presence of potentiating and directly activating concentrations of propofol. The reactive Cys mutants were distinct from those that reacted in the resting, GABA-bound and diazepam-bound states. We conclude that propofol stabilizes a specific receptor conformation or conformations.
MATERIALS AND METHODS
Mutants and e xpression. The rat ␣ 1 M3 segment cysteine-substitution mutants in the pGEM H E plasmid were generated and characterized previously (Williams and Akabas, 1999) . In vitro mRNA transcription and Xenopus oocyte preparation and injection were as described previously (Xu and Akabas, 1993; Williams and Akabas, 1999) . Oocytes were injected with 50 nl of a 200 pg /nl solution of subunit mRNA in a 1:1:1 ratio of ␣ 1 :␤ 1 :␥ 2S .
Electrophysiolog y. T wo-electrode voltage-clamp recording from Xenopus oocytes and data acquisition and analysis were performed as described previously (Xu and Akabas, 1996; Williams and Akabas, 1999) . Oocytes were continuously perf used at 5 ml /min with calcium-free frog Ringer's (CFFR) (in mM: 115 NaC l, 2.5 KC l, 1.8 MgC l 2 , and 10 H EPES, pH 7.5, with NaOH) at room temperature. Oocyte recording chamber volume was ϳ250 l. Holding potential was Ϫ80 mV.
E xperimental protocols. The sulf hydryl specific reagent used in these experiments was p-chloromercuribenzenesulfonate (pC MBS Ϫ ) (Sigma, St. L ouis, MO). After reaction with pC MBS Ϫ , -HgC 6 H 4 SO 3 Ϫ is covalently coupled to the reactive sulf hydryl.
To determine the irreversible effects of pC MBS Ϫ on the GABAinduced currents, the following series of reagents were applied to twoelectrode voltage-clamped oocytes: 100 M GABA, 20 sec; 100 M GABA, 20 sec; EC 50 GABA, 20 sec; propofol alone, 20 sec; propofol ϩ EC 50 GABA, 20 sec; EC 50 GABA, 20 sec; 0.5 mM pC MBS Ϫ Ϯ propofol, (for propofol concentration and duration of application see below); 100 M GABA, 20 sec; 100 M GABA, 20 sec; EC 50 GABA, 20 sec; EC 50 GABA, 20 sec (see Figs. 1 and 2 for examples). The applications of GABA and reagents were separated by 3-5 min washes with CFFR to allow complete recovery from desensitization. For wild-type and each C ys mutant, propofol was applied at two concentrations; one that caused potentiation but no detectable direct activation, and at 50 M propofol, a concentration that caused direct activation in all mutants. The potentiating concentration of propofol used was 0.5 M for all mutants except V297C where 0.1 M propofol was used because direct activation was observed with 0.5 M propofol. To avoid accumulation of propofol in the oocyte membranes and potentiation of subsequent GABA-induced currents, we applied pC MBS Ϫ in the presence of the potentiating propofol concentration as three 20 sec applications interspersed by CFFR washes for a total of 1 min of pC MBS Ϫ application. For the directly activating propofol concentration, as discussed more extensively in Results, we could not avoid accumulation of propofol in the oocyte membranes and potentiation of subsequent GABA-induced currents so we simply applied pC MBS Ϫ for 1 min in the presence of activating propofol. Stock solutions of propofol in DMSO were diluted into CFFR immediately before application. The percentage of DMSO was never Ͼ0.02% and had no effect on GABA-induced current (data not shown).
We infer that an irreversible change in the GABA-induced currents after pC MBS Ϫ application is attributable to the covalent modification of a C ys by pC MBS Ϫ . Whether the change is potentiation or inhibition of subsequent GABA-induced currents does not affect this conclusion. At any given position C ys modification by pC MBS Ϫ may alter ion conduction or gating kinetics. Potentiation after pC MBS Ϫ modification is almost certainly caused by a change in gating kinetics manifested as a reduction in the GABA EC 50. We have not examined the mechanistic basis for the effects of pC MBS Ϫ modification in this paper because it is not relevant to the major focus of this investigation. The percent effect of pC MBS Ϫ ϭ {(I GABA, after /I GABA, before ) -1} * 100. I GABA, after is the average peak current of the two GABA test pulses after the application of pC MBS Ϫ , and I GABA, before is the average of the peak current of the initial two GABA applications. Test pulses of GABA were applied at two concentrations, EC 50 and Ͼ5 times EC 50 (near-saturating GABA, generally 100 M except for L301C where 1 mM was used). Changes in the peak current induced by the EC 50 GABA test pulses are more sensitive to effects of pCMBS Ϫ modification on gating kinetics, whereas changes in the peak current induced by the near-saturating GABA test pulses are more sensitive to effects of modification on conductance (Williams and Akabas, 1999) . Time between current traces is 3-5 min. Holding potential, Ϫ80 mV. Note that propofol potentiates the GABA-induced currents but does not elicit a current when applied by itself at these concentrations. Also, the propofol effects wash out so that the final GABA test current is similar to the initial current. For screening experiments, pC MBS Ϫ was applied for 1 min at 0.5 mM. This combination of time and concentration were chosen because they were the maximal concentration and duration that caused no significant increase in the leak conductance of uninjected Xenopus oocytes. This limits our ability to detect reactive residues. As discussed below, for a given mutant, given the variability of responses, application of a reagent must cause a net change in current greater than ϳ30% to be statistically significantly different than wild type by a one-way ANOVA (for n between 4 and 6). Thus, if complete reaction caused 100% inhibition of the GABA-induced current, with a detection threshold of 30% effect and the pC MBS Ϫ reaction conditions of 0.5 mM applied for 1 min, the slowest reaction rate that we can detect must have a second order reaction rate constant Ͼ12 l ⅐ mol Ϫ1 ⅐ sec Ϫ1 .
Measurement of reaction rates. pC MBS
Ϫ reaction rates with the engineered C ys were determined by the effect of sequential brief applications of pC MBS Ϫ as we have done previously Akabas, 1999, 2000) . A test pulse of GABA was applied to measure the GABA-induced current. Propofol ϩ pC MBS Ϫ (0.2-0.5 mM) was applied for 15-60 sec. After washout, a test pulse of GABA was applied, and the GABAinduced current was measured. The effect of five to eight brief, sequential applications of propofol ϩ pC MBS Ϫ were determined. The magnitudes of the GABA test currents were normalized relative to the initial test current. The normalized current was plotted as a f unction of the cumulative duration of pC MBS Ϫ application and fitted with a single exponential f unction using Prism2 software (GraphPad, San Diego, CA). The second order rate constant was calculated by dividing the pseudo-first order rate constant obtained from the exponential fit by the pC MBS Ϫ concentration.
Statistics and curve fitting. Data are expressed as the percentage change of current after modification Ϯ SEM. The significance of differences between each mutant and wild type was determined by one-way ANOVA using the Student-Newman -Keuls post hoc test (SPSS for Windows; SPSS, Inc., Chicago, IL). Dose -response curves were fit using Prism2 software.
It is important to recognize that pC MBS Ϫ -reactive residues were identified based on the f unctional effect of modification. Functional effects were determined by the statistical significance of the effect on a mutant relative to the effect on wild type. For mutants where the average effect after application of pC MBS Ϫ was small, whether the effect was judged to be significant depended, in part, on the stringency of the one-way ANOVA post hoc test used. In our previous work on the ␣ 1 M3 segment, using the Student-Newman -Keuls post hoc test to determine significance of effects, the effect of pC MBS Ϫ applied in the presence of GABA was statistically significant at six residues, ␣ 1 A291C, ␣ 1 Y294C, ␣ 1 F298C, ␣ 1 A300C, ␣ 1 L301C, and ␣ 1 E303C. With the less stringent Duncan post hoc test, an additional residue ␣ 1 F296C is judged to be reactive with pC MBS Ϫ applied in the presence of GABA (Williams and Akabas, 1999) . The choice of post hoc test is, unfortunately, somewhat arbitrary. Thus, for C ys mutants where the effects of complete reaction are small, it may be difficult to determine f unctionally whether reaction has occurred.
RESULTS

Characterization of propofol effects on the M3 Cys mutants
The GABA EC 50 for wild-type ␣ 1 ␤ 1 ␥ 2S receptors was 2.1 Ϯ 1.3 M (n ϭ 6) and for the Cys-substitution mutants ranged between 0.5 Ϯ 0.1 M for ␣ 1 A291C and ␣ 1 Y294C and 48 Ϯ 15 M for ␣ 1 L301C, as reported previously (Williams and Akabas, 1999) . Lacking a high-resolution structure of the membrane-spanning domain, it is difficult to infer the structural basis for the changes in GABA EC 50 that resulted from Cys substitutions. Either the mutations subtly alter the structure of the M3 segment or during gating induced conformational changes the environment of these Cys residue changes. Either way these changes somehow affect the kinetics of the transitions or the relative stability of different receptor states thereby altering the GABA EC 50 . For an extensive discussion of the relationship between mutations and EC 50 , see (Colquhoun, 1998) .
For each Cys mutant, propofol dose-response relationships were determined to identify the maximum propofol concentration that potentiated GABA-induced currents without directly activating the receptors. For most Cys mutants the concentration used was 0.5 M. A 0.5 M concentration of propofol potentiated EC 20 to EC 50 GABA currents in wild-type receptors by 46 Ϯ 12% (n ϭ 7) and in the mutants potentiation ranged from 13% for ␣ 1 V292C and ␣ 1 S299C to 102% for ␣ 1 Y294C (Table 1) . For ␣ 1 V297C, direct activation occurred at 0.5 M, and so 0.1 M propofol was used. The effects of application of potentiating concentrations of propofol washed out completely within 5 min. It is difficult to establish an EC 50 for propofol potentiation because as the propofol concentration increases, potentiation effects run into direct activation, making it difficult to determine the maximum potentiation. At propofol concentrations Ͼ50 M the direct activation current declines suggesting an inhibitory effect at high propofol concentrations. The mechanism of this inhibition is unknown.
All of the Cys mutants showed direct activation by 50 M propofol. For wild-type receptors, the current induced by 50 M propofol was 41 Ϯ 5% (n ϭ 5) of the current induced by saturating GABA. For the Cys mutants, the current induced by 50 M propofol relative to the maximal GABA-induced current ranged from 24% for ␣ 1 A295C to 146% for ␣ 1 A300C (Table 1) . Washout of 50 M propofol terminated the propofol-induced currents in all mutants, however, subsequent GABA-induced currents were potentiated relative to the initial GABA test currents for over 30 min after propofol washout. Addition of 10 mg/ml bovine serum albumin to the wash buffer did not speed the washout of this propofol-induced potentiation of subsequent GABA-induced currents. This limited our ability to detect Cys mutants as reactive with pCMBS Ϫ plus 50 M propofol to those mutants where the effect on subsequent currents was inhibition. Because of the very slow washout of propofol from the oocyte membranes and the persistent potentiation of subsequent GABA currents, we were unable to identify as reactive in the presence of activating con- centrations of propofol any position where the effect of pCMBS Ϫ modification was potentiation.
Reactions with pCMBS ؊ applied in the presence of potentiating concentrations of propofol
For wild type and all of the M3 Cys mutants, the effects of a 1 min application of a potentiating concentration of propofol washed out after a 5 min wash with CFFR buffer (Fig. 1) . A 1 min application of 0.5 mM pCMBS Ϫ with a potentiating concentration of propofol had no effect on wild-type ␣ 1 ␤ 1 ␥ 2S receptors (Williams and Akabas, 1999) . When applied for 1 min in the presence of a potentiating concentration of propofol, pCMBS Ϫ irreversibly altered the subsequent GABA-induced currents of the mutants ␣ 1 Y294C, ␣ 1 V297C, ␣ 1 I302C, and ␣ 1 F304C (Figs. 2, 3) . The subsequent currents were inhibited for the mutants ␣ 1 Y294C and ␣ 1 I302C. The subsequent currents were potentiated for the mutants ␣ 1 V297C and ␣ 1 F304C (Figs. 2, 3) . ␣ 1 Y294C reacts with pCMBS Ϫ in the resting state, thus, to determine whether propofol altered the reactivity of ␣ 1 Y294C, we measured the rate of reaction in the presence and in the absence of propofol. In the presence of propofol the second order reaction rate constant for pCMBS Ϫ with ␣ 1 Y294C was 134 Ϯ 20 l ⅐ mol Ϫ1 ⅐ sec Ϫ1 (n ϭ 3). In the resting state the second order rate constant was 47 Ϯ 8 l ⅐ mol Ϫ1 ⅐ sec Ϫ1 , and in the presence of GABA the rate constant was 86 Ϯ 14 l ⅐ mol Ϫ1 ⅐ sec Ϫ1 (Williams and Akabas, 1999) . The increased reaction rate in the presence of a potentiating concentration of propofol implies that propofol altered the environment and/or the access pathway to this residue compared with the resting and GABA-activated states.
The compound 2,6-di-tert-butylphenol is structurally similar to propofol but is not an anesthetic (Krasowski et al., 2001) . To determine the specificity of propofol, we applied pCMBS Ϫ with 2,6-di-tert-butylphenol at the same concentration as propofol on the reactive mutants. There was no effect of a 1 min application of 2,6-di-tert-butylphenol plus 0.5 mM pCMBS Ϫ on any of the four Cys mutants that reacted with pCMBS Ϫ in the presence of propofol (Fig. 4) . This suggests that the propofol-induced changes in M3 Cys mutant reactivity may be related to the anesthetic activity of propofol and not simply caused by its hydrophobicity.
Reactions with pCMBS
؊ applied in the presence of a directly activating concentration of propofol A 1 min application of 50 M propofol to wild-type ␣ 1 ␤ 1 ␥ 2S receptors resulted in potentiation of subsequent submaximal GABA-induced test currents but had no effect on currents elicited by saturating concentrations of GABA. Although the extent of this potentiation of submaximal GABA-induced test currents diminished over time, it was still significant after 30 min of washing. Similar effects were observed with all of the mutants. We assume that during the 50 M propofol application, it partitioned into the oocyte membranes and then gradually leached out leaving a concentration sufficient to potentiate subsequent submaximal GABA responses, but not sufficient to directly activate. This limited our ability to detect Cys mutants that were reactive with pCMBS Ϫ plus 50 M propofol because we could only use saturating GABA test pulses. Thus, only at Cys mutants where pCMBS Ϫ application inhibited subsequent GABA-induced currents can we infer that reaction has occurred. If pCMBS Ϫ reaction potentiated subsequent GABA-induced currents, an effect that we would only expect to see with submaximal GABA test pulse, it would be difficult for us to distinguish the effect from the persistent potentiation because of slow washout of the propofol. Thus, all of the experiments with a directly activating propofol concentration used only saturating concentrations of GABA test pulses.
For wild-type ␣ 1 ␤ 1 ␥ 2S receptors, a 1 min application of 0.5 mM pCMBS Ϫ with 50 M propofol had no subsequent inhibitory effect. When applied for 1 min in the presence of 50 M propofol, 
pCMBS
Ϫ irreversibly inhibited the subsequent GABA-induced currents of the mutants ␣ 1 Y294C, ␣ 1 S299C, ␣ 1 I302C, ␣ 1 E303C, and ␣ 1 A305C (Figs. 5, 6 ). As described above, because ␣ 1 Y294C reacts with pCMBS Ϫ in the resting state, we measured the rate of reaction in the presence of 50 M propofol. The second order reaction rate was 118 Ϯ 23 l ⅐ mol Ϫ1 ⅐ sec Ϫ1 (n ϭ 3), faster than the reaction rate in the absence of GABA, 47 Ϯ 8 l ⅐ mol Ϫ1 ⅐ sec Ϫ1 (Williams and Akabas, 1999) . We also measured the pCMBS Ϫ reaction rate with ␣ 1 E303C in the presence of 50 M propofol to compare with the reaction rate in the presence of GABA. The rate in the presence of propofol was 76 Ϯ 9 l ⅐ mol Ϫ1 ⅐ sec Ϫ1 (n ϭ 5); significantly slower than the rate of 220 Ϯ 51 l ⅐ mol Ϫ1 ⅐ sec Ϫ1 in the presence of GABA (Williams and Akabas, 1999) .
We tested whether coapplication of pCMBS Ϫ with 50 M 2,6-di-tert-butylphenol, the anesthetically inactive structurally related compound, had any effect on the reactive mutants. A 50 M concentration of 2,6-di-tert-butylphenol did not induce a current in any of the mutants tested. A 1 min coapplication of 0.5 mM pCMBS Ϫ plus 50 M 2,6-di-tert-butylphenol did not inhibit the subsequent GABA-induced currents of the mutants ␣ 1 Y294C, ␣ 1 S299C, ␣ 1 I302C, ␣ 1 E303C, and ␣ 1 A305C (Fig. 4) . The hydrophobicity of the reagent coapplied with pCMBS Ϫ does not seem to affect the M3 Cys-substitution mutant reactivity. Thus, we infer that the increase in the Cys mutant accessibility in the presence of an activating concentration of propofol is related to its actions as a general anesthetic.
DISCUSSION
We have shown that pCMBS Ϫ applied in the presence of a potentiating concentration of propofol reacted with a subset of M3 segment Cys-substitution mutants (Fig. 3, Table 2 ). pCMBS Ϫ reacted with a different subset of M3 segment Cys-substitution mutants when applied with a directly activating concentration of propofol (Fig. 6, Table 2 ). These subsets of pCMBS Ϫ -reactive M3 segment Cys-substitution mutants are different from the residue subsets that react with pCMBS Ϫ in the resting state, i.e., in the absence of GABA, and in the GABA-bound and diazepambound states (Table 2) Akabas, 1999, 2000) . The accessibility of the M3 segment Cys-substitution mutants to reaction with pCMBS Ϫ depends on the state of the GABA A receptor. Conformational changes during gating and during drug binding appear to alter the structure surrounding the GABA A receptor M3 membrane-spanning segments. These structural changes create access pathways from the extracellular solution into the interior of the protein. This allows pCMBS Ϫ to gain Figure 5 . The effect of coapplication of 0.5 mM pCMBS Ϫ with 50 M propofol, a directly activating concentration, on the subsequent GABAinduced currents. Currents recorded by two-electrode voltage clamp from oocytes expressing the ␣ 1 I302C ( A), ␣ 1 E303C ( B), and ␣ 1 A305C ( C) mutants. Bars above the current traces indicate the reagent applied and the duration of application. Time between current traces is 3-5 min. Holding potential, Ϫ80 mV. Note that the subsequent GABA-induced currents evoked by both saturating and EC 50 GABA concentrations are inhibited. The data in A and C suggest that pCMBS Ϫ modification reduced the GABA EC 50 . Figure 6 . The irreversible effect of a 1 min application of 0.5 mM pCMBS Ϫ applied in the presence of 50 M propofol, a directly activating concentration, on subsequent GABA-induced currents of wild-type and mutant GABA A receptors. Saturating GABA concentrations were used for the test pulses. Black bars indicate effects that are statistically significantly different from the effect on wild type by a one-way ANOVA. A negative effect indicates inhibition, and a positive effect indicates potentiation of subsequent GABA currents. The mean and SEM values are shown. For each mutant, the effects on three to seven oocytes are averaged.
access to M3 segment Cys-substitution mutants and thus, to react (Williams and Akabas, 1999 . We infer that the distinct subsets of pCMBS Ϫ -reactive Cys-substitution mutants are markers or reporters for specific states or ensembles of receptor states. A limitation of our approach is that over the time course of our experiments (tens of seconds) the channels undergo transitions between different states. Thus, we cannot know whether the pCMBS Ϫ accessibility occurs in a single state or in multiple states. (Hereafter, when we refer to a subset of residues being a reporter for a receptor state, we implicitly acknowledge that it may be for an ensemble of states.) We hypothesize that the accessibility of residues to react with pCMBS Ϫ differs in different states. Thus, the fact that different patterns of accessible residues are obtained in the presence of different drugs or agonists suggests that different drugs stabilize specific states. Therefore, we infer that each of these agonists or modulators, GABA, propofol, and diazepam, stabilize distinct states.
Several kinetic models have been proposed to account for the results of experimental studies of GABA A receptor kinetics (Weiss and Magleby, 1989; MacDonald and Twyman, 1992; Maconochie et al., 1994; Jones and Westbrook, 1995; Jones et al., 1998 Jones et al., , 2001 Bai et al., 1999; Jayaraman et al., 1999; Burkat et al., 2001) . In general these models have three nonconducting closed states (unliganded resting state, monoliganded, and diliganded), leading to at least one open conducting state. Single-channel data provides evidence for three open states (Weiss and Magleby, 1989; MacDonald and Twyman, 1992) . In addition, there are other nonconducting, desensitized states. Significant rates of entry into desensitized states can occur from the diliganded closed state (Jones and Westbrook, 1995; Bai et al., 1999) and in some models from the open state as well (Burkat et al., 2001) . Studies of the effects of diazepam on channel kinetics suggest that it stabilizes a singly liganded closed state, increasing the association rate for binding the first GABA molecule (Rogers et al., 1994; Lavoie and Twyman, 1996) . In contrast, studies of propofol at potentiating concentrations suggest that it stabilizes a doubly liganded closed state and slows entry into fast and slow desensitized states (Bai et al., 1999) . Our experiments provide structural evidence to support the results of these kinetic studies. Thus, diazepam and propofol at potentiating concentrations alter the pCMBS Ϫ accessibility of different subsets of M3 Cys-substitution mutants. This implies that these two drugs stabilize different states.
The subset of pCMBS Ϫ -reactive residues was different in the presence of GABA and directly activating propofol. We previously suggested that reaction in the presence of GABA may be occurring in a desensitized state (Williams and Akabas, 1999) . Because propofol reduces the extent of desensitization, the residues reactive in the presence of activating propofol may be more representative of the open state. Alternatively, we cannot exclude the possibility that GABA and propofol may be stabilizing different open states.
The pCMBS Ϫ -reactive residues are, at least transiently, on the water-accessible surface of the protein (Akabas et al., 1994; Karlin and Akabas, 1998) . We infer this because pCMBS Ϫ reacts a thousand times faster with the ionized thiolate form of cysteine (S Ϫ ) compared with the unionized thiol (SH) (Hasinoff et al., 1971) , and only cysteines on the water-accessible surface will ionize to any significant extent. Thus, a question arises regarding how an access pathway was created for pCMBS Ϫ to reach residues in the interior of the membrane-spanning domain of the protein? We previously showed that in the presence of GABA the access pathway does not appear to pass through the open channel because the pCMBS Ϫ reaction rates were not voltage dependent (Williams and Akabas, 1999) . Thus, we do not think that the pCMBS Ϫ -accessible M3 residues are part of the channel lining. More likely, as the channel undergoes the conformational changes from the closed to the open to the desensitized states, spaces are formed between the membrane-spanning segments. These spaces or crevices-cavities may transiently extend up to the extracellular surface of the protein, allowing water and pC-MBS Ϫ to enter the cavities. High-resolution protein structures indicate that cavities in the protein interior are water-filled, even if they are lined by hydrophobic residues (Yu et al., 1999) . Furthermore, the dynamic motion of proteins allows the water molecules in these cavities to exchange with bulk water (Englander and Kallenbach, 1983) . Thus, in the crystal structures of bacteriorhodopsin, the number of water molecules in the protein interior changes in different photocycle intermediates, suggesting that water can rapidly move into and out of the protein interior as the protein undergoes conformational changes (Dencher et al., 2000; Maeda et al., 2000; Gottschalk et al., 2001) .
The formation of water-filled cavities in the membranespanning domain during channel gating may play an important role in the mechanism of general anesthetic potentiation of GABA-induced currents. Based on our results, we infer that water-accessible cavities form around the M3 segment during channel gating and modulation by diazepam and propofol (Williams and Akabas, 1999 . These cavities may form as the channel-lining M2 segments rotate as part of the conformational change from the resting to the open state (Unwin, 1995; Horenstein et al., 2001) . If these cavities form or enlarge transiently during activated states of the receptor, and occupation of the cavity by an anesthetic is energetically more favorable than occupation by water, then an anesthetic partitioning into the 
a Symbols indicate the effect of pCMBS Ϫ modification on the subsequent GABAinduced currents. 2 inhibition; 1 potentiation; nt, not tested; absence of a symbol indicates that there was no effect of pCMBS Ϫ application. b Data from Williams and Akabas (1999) . c Data from Akabas (2000, 2001) . cavity would stabilize that state of the receptor. Anesthetics have been shown to occupy pre-existing cavities in proteins of known crystal structure (Bhattacharya et al., 2000; Eckenhoff et al., 2001; Whittington et al., 2001 ). Energetically favorable occupation by an anesthetic of a protein cavity that is present in the resting state or in a transient state would be expected to stabilize the structure of that protein conformational state (Tanner et al., 2001) . For the GABA A receptor anesthetic occupation of cavities formed during gating would stabilize activated states of the receptor and thus may lead to the anesthetic-induced potentiation of GABAinduced currents that is observed. Consistent with this, evidence has been presented that halothane, isoflurane, and chloroform may occupy a common cavity . A binding cavity for alcohols on GABA A and glycine receptors may also exist (Wick et al., 1998) . Thus, the formation of water-filled cavities in the interior of the membrane-spanning domain during channel gating may provide a molecular basis for allosteric modulation of GABA A receptors by general anesthetics.
We infer that propofol stabilizes different receptor states at potentiating and directly activating concentrations based on the observation that different subsets of M3 Cys mutants are reactive with pCMBS Ϫ in the presence of the two concentrations. This implies that there are at least two propofol binding sites on the GABA A receptor consistent with previous results (Krasowski and Harrison, 1999) . The location of these sites is unknown. Unlike diazepam, the ␥ subunit is not necessary for either potentiation or activation by propofol . Evidence has been presented that anesthetic binding sites are formed by residues near the extracellular ends of the M2 and M3 segments. Mutation of the residues ␣ 1 Ser270 (M2) and ␣ 1 Ala291 (M3) alters potentiation by volatile anesthetics (Mihic et al., 1997; Koltchine et al., 1999; Jenkins et al., 2001) , whereas mutation of the aligned residues in the ␤ subunit alters potentiation by intravenous anesthetics (Sanna et al., 1995; Belelli et al., 1997; Moody et al., 1997; Krasowski et al., 1998) . A role for the ␣ subunit in intravenous anesthetic binding has also been suggested Uchida et al., 1997; Lam and Reynolds, 1998) . We observed that Cys-substitution for ␣ 1 M3 segment residues altered the extent of potentiation by 0.5 M propofol (Table 1) . Based on this one cannot conclude that these ␣ subunit residues form part of the propofol binding site and that the mutations are directly altering affinity for propofol. More likely the mutations alter the transduction process or the relative stability of various receptor states, thereby altering the efficacy of propofol (Colquhoun, 1998) .
In summary, we have shown that propofol binding at both potentiating and activating concentrations induced a conformational change in the GABA A receptor membrane-spanning domain that created a pathway for water and pCMBS Ϫ to gain access to engineered Cys residues in the ␣ 1 M3 membranespanning segment. The subsets of M3 residues that were pCMBS Ϫ -reactive in the presence of potentiating and directly activating concentrations of propofol were different, and we inferred that at the different concentrations propofol stabilized two different states or ensembles of states. These states were distinct from the resting state or the GABA-bound or diazepam-bound states. The water-filled cavities that form around the M3 segment during gating may have an important role in forming the binding sites for general anesthetics and thus in the mechanism of allosteric modulation of the GABA A receptor by general anesthetics.
